In a search for inhibitors of RNA-directed DNA polymerases a new isolactarane sesquiterpenoid, hyphodontal (1), was isolated from fermentations of a Canadian Hyphodontia species. Its structure was elucidated by spectroscopic methods. Hyphodontal strongly inhibits the growth of several yeasts and is a non-competitive inhibitor of avian myeloblastosis virus (Kj 346 ^m ) and Moloney murine leukemia virus (K 112 (i m ) reverse transcriptases. In addition, cytotoxic and antifungal activities were observed.
Introduction
In a screening of basidiom ycetes for the p ro duction of inhibitors of avian m yeloblastosis virus (A M V ) RT (E rk el, 1990) we d etected that m yce lial cultures of a C anadian H yphodontia species produced a com p o u n d strongly inhibitory tow ards this enzym e and in addition to the yeast Nematospora coryli. In the following we describe the fe r m entation , isolation, structural elucidation, and biological ch aracterization of this new m etabolite from H yphodontia sp. strain 87229. Previously we have rep o rte d on the isolation of podoscyphic acid (E rk el et al., 1991) from a Tasm anian Podoscypha species, and clavicoronic acid from Clavicorona pyxidata (E rk el et al., 1992) .
Materials and Methods

General
S pectral d ata w ere recorded on the following in strum ents; !H and 13C N M R, B ru k er AC-200 and AM -400; EI-M S, A .E .I. MS-50; FAB-MS, K ratos C oncept H -System ; IR , P erkin-E lm er 1420; UV, Abbreviations: AMV, avian myeloblastosis virus; MMuLV, Moloney murine leukemia virus; VSV, vesicu lar stomatitis virus; RT, reverse transcriptase. Reprint requests to Dr. G. Erkel or Prof. Dr. W. Steglich. Telefax: (0631) 2052999. P erkin-E lm er L am bda 16 and V arian C ary 17; CD, Jobin Yvon C N R S R oussel-Jouan D ichrographe III. O ptical ro tatio n s w ere recorded with a Perkin-E lm er 241 polarim eter. T he m.p.'s w ere d e te r m ined with a R eichert h ot plate m icroscope and are uncorrected. For T L C alum inium foils coated with silica gel M erck 60 F254 w ere used. PT L C was carried out on glass plates p recoated with silica gel (M erck 60 F 254, 2 m m ). M erck silica gel 60 (23 0 -4 0 0 m esh) and P harm acia Sephadex LH-20 w ere used for colum n chrom atography. A ll sol vents w ere distilled prior to use.
H yphodontia sp. strain 87229
M ycelial cultures w ere obtained from spore prints of a fruiting body grow ing on w ood in Port A lberni, B.C., C anada. The specim en shows the characteristics of the genus as described by R yvarden and E riksson (1976) . The species, how ever, could not be identified. V oucher specim en and cultures are deposited in the collection of the L ehrbereich B iotechnologie, U niversity of K ai serslautern.
Fermentation
For m aintenance the fungus was cultivated in Y M G m edium com posed of: yeast extract 0.4% , m alt extract 1% , glucose 0.4% and agar 1.5% for solid m edia. For the p roduction of hyphodontal a corn m e a l-g lu c o se m edium (M 3 ) was used con taining (g/1): corn m eal (20), glucose (10), K H 2P 0 4 (1.5), KC1 (0.5), N a N 0 3 (0.5), M g S 0 4 -7 H 20 (0.5), pH 5.0. A w ell-grow n seed culture of H yphodontia sp. 87229 (200 ml) in Y M G was used to inoculate 20 1 of m edium M 3 in a B iolafitte C 6 ferm en tation apparatus. The ferm en ter was incubated at 22 °C with an aeratio n rate of 3 1 air/m in and agitation (130 rpm ). The produ ctio n of h y phodontal was follow ed by a plate diffusion assay using Nematospora coryli as test organism or by estim ating the inhibitory effect of 2.5 jil of a crude ex tract (con cen trated 100 tim es as co m pared to the culture fluid) in the stan d ard assay of A M V reverse tra n scriptase.
Isolation o f hyphodontal (1)
D uring purification h y phodontal was d etected using N em atospora coryli as test organism and by the standard assay for A M V reverse transcriptase. A fter rem oval o f th e m ycelia by filtration, hypho dontal was extracted from the culture filtrate (19 1) with ethyl acetate (tw o tim es 5 1). E v ap o ratio n of the organic phase yielded a crude extract (3.5 g), which was fu rth er purified by ch rom atography on Sephadex LH-20 (elution w ith m ethanol) resulting in 830 mg of an enriched p roduct. This was fu rth er purified by ch rom atography on silica S 200 (M erck) and finally p rep arativ e H P L C (L iC hrogel PS 1, colum n 2 .5 x 2 5 cm, elution with 2-propanol) to yield 110 mg of h yphodontal (1).
Physicochemical properties o f hyphodontal (1)
Colorless m icrocrystals, m.p. 1 6 5 -1 7 0 °C, R f 0.31 [ to lu e n e -H C 0 2E t -H C 0 2H (100:100:1)]; [a]^0 -8 5 °C (c 0.75, CHC13); U V (M eO H ) Xmax 260 nm (log e 3.63); CD (M eC N ) Xmax 223 nm (A£rel -1 ) , 242 (0), 257 (+0.24), 283 (0), 332 (-0 .2 0 ), 390 (0); IR (K B r) cm " 1 3315, 2942, 2923, 2860, 1745, 1652, 1455, 1089, 1058, 958, 896 ; !H and 13C N M R spec tra see Table I 
O -Acetyl-4-deoxydihydrohyphodontal (4 a)
Sodium borohydride (10.0 mg) was added to a solution of 1 (4.0 mg) in m ethanol (3 ml). A fter stirring for 2 h at 20 °C, chloroform (25 ml) was added and the m ixture acidified to pH 3 w ith 0.1 n HC1. The aqueous layer was extracted with ch lo ro form (3 x 1 0 ml) and E tO A c (2 x 1 0 ml) and the dried organic phases (N a2S 0 4) w ere ev ap o rated in vacuo. The resulting oil was treated with acetic anhydride (0.05 ml) and pyridine (1.0 m l) for 3 h at 20 °C. E vaporation of the solvents and purifi cation of the residue by PTLC [silica gel, p e tro leum e th e r40_60-E t 2O (1:1)] afforded 4 a (3.8 mg) as colorless oil; /?f 0.39 [petroleum e th e r40_60-E t20 ( 94, 20.98, 22.51, 28.49, 29.51, 29.68, 30.46, 37.19, 37.67, 43.49, 46.99, 62.54, 70.31,121.14,143.75, 170.71,177.20 
0-(4-B rom obenzoyl)-4-deoxydihydrohyphodontal (4b)
H yphodontal (1) (7.0 mg) was reduced with sodium borohydride as described above. The resulting oil was dissolved in T H F (3 ml) and treated with pyridine (16 ^il), 4-(dim ethylam ino)-pyridine (3.0 mg) and 4-brom obenzoyl chloride (42 mg) in T H F (1 ml) for 24 h at 20 °C. T he m ix ture was diluted with E t20 (40 ml) and w ashed successively with satu rated aqueous N H 4C1 (2 x 2 0 ml), saturated aqueous N a H C 0 3 (2 x 2 0 ml) and brine (2 x 2 0 ml). The organic phase was dried over N a2S 0 4 and evaporated to dryness. Purifi cation of the residue by PTLC on silica gel using petroleum eth er40_60-E tO A c (5 :1 ) afforded 4 b To a solution o f the bishydrazone (2.5 mg) in T H F (1 ml) was added N -m ethylm orpholine (0.1 m l) and sec-butyl chloroform ate (0.13 ml) at -1 5 °C. A fte r stirring at 20 °C for 20 min, the m ixture was d iluted w ith E tO A c (20 ml) and w ashed successively with satu rated aqueous N H 4C1 (10 ml) and brine (10 ml). The organic layer was dried over N a2S 0 4 and concentrated un d er reduced pressure to give an oil, which was chro m ato g rap h ed on a silica gel colum n (eluent: C H 2C12). 
Biological assays
A ntim icrobial spectra, cytotoxicity and macrom olecular syntheses in w hole L 1210 cells were m easured as described previously by W eber et al. (1990) . The effect of hyphodontal on cell grow th was m easured according to M irabelli et al. (1985) with slight m odifications (E rkel, 1990) 2) and H U T 78 cells (A TC C TIB-161) in R PM I 1640 supplem ented with 10% fetal calf serum and 65 (ig/ml penicillin G and 100 ^ig/ml streptom ycin sulfate in a hum idified atm osphere containing 5% of C 0 2 at 37 °C.
N ucleic acid syntheses in perm eabilized L 1210 cells w ere perform ed according to B erger (1978) . R N A syntheses in isolated nuclei w ere m easured as described by M arzluff and H uang (1984) .
A ssay for R N A -directed R N A polym erase of vesicular stom atitis virus (V SV ) was carried out as described previously (E rkel, 1992) .
A Test for m utagenicity: M utagenicity was tested according to the m ethod of A m es et al. (1975) . M utants of Salmonella typhimurium strain TA 98 and TA 100 w ere used in th e p o u r plate assay as described by V enitt et al. (1984) .
R esults and D iscussion
Production o f hyphodontal
In 20 1 ferm entations the prod u ctio n of hypho dontal, as m easured by the inhibition of A M V re verse transcriptase and by a plate diffusion assay with N. coryli, starts approxim ately 10 days after inoculation. The highest concentration of the inhibitor is reached after 22 days (Fig. 1) . 
Structural elucidation
H yphodontal, m.p. 165-170 °C, has the m olecu lar form ula C 15H 180 4 as determ ined by high reso lution mass spectrom etry. The base p eak at m /z 262 arises from loss of w ater and a m ethyl group from the m olecular ion. A t room tem p era tu re the ]H and 13C N M R spectra of 1 show strong line broadening which leads to the d isappearance of som e of the signals. H ow ever, at -3 3 °C well re solved spectra are observed which allow the assignm ent of all hydrogen and carbon atom s (Table I ).
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The presence of an a,ß -u n satu rated aldehyde is indicated by a strong conjugated carbonyl a b sorption at 1657 cm " 1 in the IR spectrum , a sin glet at ö H 9.72 in the JH N M R spectrum and signals at 6C 189.87, 165.01, and 129.88 in the 13C N M R spectrum . L actone and lactol groups are characterized by signals at 6C 176.20 and 98.55, respectively, in the 13C N M R spectrum and absorptions at 1745 and 3315 c m -1 in the IR spectrum . The lactol protons give rise to doublets at 0 H 5.90 and 6.99, the la tte r disap pearing on addition of D 20 . F u rth e r signals in the N M R spectra can be assigned to a C (C H 3)2 unit, an isolated cyclopropane m ethylene group (6 h 1.15 and 1.44, 2JH H = 4.9 Hz, dc 20.29, 7 C,H = 168 H z) and a ( C ) -C H 2-C H ( C ) -C H 2-(C) moiety. The m eth in e proton of this unit is con nected thro u g h long-range coupling ( 7 h ,h = 2.6 H z) with th e A part of an AB system at 6 H 2.64 and 2.77 (J = 19.0 H z). From this evi dence and th e long-range couplings (Fig. 2) , form ula 1 can be assigned to hyphodontal.
Fig. 2. Important X H -13C long-range couplings (COLOC experiments) of hyphodontal (1).
Form ula 1 explains the large 4J coupling b e tw een the pseudoaxial allylic p roton 9-H and one of the m ethylene protons at C -l across the ß-carbon of the u n satu rated aldehyde unit. A m ple p re cedence for this kind of coupling is found in the spectrum of m erulidial (2) (G ian etti et al., 1986) .
It is evident from m olecular m odels th at the large chem ical shift difference of the m ethylene protons at C-8 in the !H N M R spectrum of 1 is caused by the anisotropic effect of the neighbour ing lactone carbonyl group. O nly the pseudoequatorial pro to n at dH 2.44 cis to the lactone ring is deshielded w hereas the pseudoaxial p roton at 6h 1.39 is unaffected. Since the coupling constant betw een this pro to n and 9-H is large (12.5 H z), the two hydrogens m ust be in a trans diaxial arran g e m ent and, thus, 9-H is in a cis arrangem ent to the cyclopropane ring.
The trans relationship of the lactol hydroxy group and the cyclopropane ring in 1 follows from the close agreem ent of the chem ical shift of the exo cyclopropane p roton with th at of m arasm ic acid and 5 a -0 -b u ty lm a ra sm ic acid (D ugan et al., 1966; G reenlee and W oodw ard, 1980; A nke et al., 1989) .
The absolute configuration of hyphodontal given in form ula 1 can be d eterm ined by com pari son of its CD spectrum (Fig. 3) with th a t of m aras mic acid (3) of know n absolute stereochem istry (Cradw ick and Sim, 1971 ). Since isom ers 1 and 3 contain enantiom orphic chrom ophores CD curves of opposite sign are observed. The absolute ste re o chem istry of 1 is in accord with th at of o th er isolactaranes from B asidiom ycetes (G ian etti et al., 1986; Konitz et al., 1977; S tern er et al., 1990; Trost and H ipskind, 1992) .
R eduction of hyphodontal (1) with sodium borohydride followed by acetylation or 4-brom obenzoylation provided the esters 4 a and 4 b, re spectively. O n reaction of 1 w ith 2,4-dinitrophenylhydrazine and cyclization of the resulting bishydrazone with sec-butyl chloroform ate a 4,5-dihydro-3-oxopyridazine 5 was obtained.
N either of these com pounds show ed any line b roadening in the N M R spectra. This points to a rapid opening and reclosing of the hem iacetal group in 1 as explanation for the coalescence phenom ena observed in its !H and 13C N M R spec tra. As indicated in Table I the signals of the lac tone and cyclohexene ring of 1 are m ost heavily hyphodontal (1, in MeCN).
involved w hereas the signals of the dim ethylcyclopen tan e unit, the aldehyde, and the m ethylene group of the cyclopropane ring rem ain nearly u n affected.
Biological properties
The inhibitory effect of hyphodontal on the reverse transcriptases of A M V and M M uLV is shown in Fig. 4 .
The activity of M M uLV reverse transcriptase was reduced to 50% at a concentration of 100 (.i m (26 (ig/ml; IC 50) w hereas the IC 50 for A M V re verse transcriptase was 423 (.i m (110 (ig/ml) w ithout preincubation and 96 (im (25 (ig/ml; IC 50) after preincubation of the enzym e with the inhibitor for 10 min. Preincubation of M M uLV reverse tra n scriptase with 77 ja m (20 (tg/ml) resulted in a com plete inhibition of enzym e activity (d ata not shown). The initial rates of incorporation of [14C ]dT T P w ere am ounts of hyphodontal. As shown in Fig. 5 and 6 A tenfold increase of the concentration of prim er tem plate p o ly(A )-(dT )15 decreased the in hibitory effect of hyphodontal on the M M uLV RT to 50% (Table II) , w hereas no influence on the in hibitory activity on A M V R T could be observed.
The activities of hyphodontal on the RN A -directed R N A polym erase of VSV and the HIV-1 RT are com pared in Table III . The IC 50 for the The inhibition of HIV-1 RT was 30% at 577 |im (150 (ig/ml) as show n in Table III . W ith the natural prim er tem p late the IC™ was determ ined to 77 llm (20 pg/ml).
R N A and D N A syntheses starting from the cor responding nucleoside triphosphates were tested in perm eabilized L 1210 cells and isolated nuclei. In perm eabilized cells 189 | im (49 pg/ml) of hypho dontal inhibited the incorporation of U T P into RN A 50% (Fig. 7) . The IC 50 for the inhibition of the incorporation of T T P into D N A was 108 pM (28 |ig/ml). In isolated nuclei of L 1210 cells 193 [x m (50 pg/ ml) inhibited the R N A polym erase I by 85% , the RN A polym erase II by 83% and the R N A poly m erase III by 75% (Table IV) for correct transcription during nuclear isolation as discussed by G ilroy et al. (1984) . Similar sesquiterpenoid dialdehydes have been isolated from a num ber of natural sources (A nke et a l, 1989; Heim et a l, 1988) and m any of them exhibit antibacterial, antifungal, cytotoxic and m utagenic activities. In o rder to com pare the in hibitory activities on reverse transcriptases, several structural related dialdehydes to hyphodontal w ere tested including 9-hydroxym arasm ic acid (6), isovelleral (7) and acetylm erulidial (8). A s shown in Fig. 8 and 9 derivatives with the m arasm ane skeleton showed the highest activities on A M V and MMuLV reverse transcriptase.
H yphodontal is a cytotoxic com pound. B H K 21, H eL a S3, and 3T 3/M M SV cells w ere com pletely lyzed at concentrations of 10 [ig/ml. G row th of L 1210, EC A , and H U T 78 cells was inhibited at concentrations betw een 10 and 100 |ig/ml. In the agar diffusion assay hyphodontal exhibits m odest antibacterial (Bacillus brevis, B. subtilis) and antifungal (Nem atospora coryli, Saccharo myces cerevisiae, and Nadsonia fulvescens) activi ties at concentrations starting from 10 jig/disc (E rkel, 1990) .
In the test for m utagenicity according to A m es et al. (1975) and V enitt et al. (1984) no induction of revertants of S. typhimurium TA 98 and TA 100 could be observed with 100 [ig of hyphodontal/ plate (pour plate assay with and w ithout addition of rat liver m icrosom es).
